Most patients who progress to severe renal insufficiency and end-stage renal disease exhibit significant glomerular lesions. Our understanding of the initiating events causing glomerular injury, whether immune or chemical in origin or following loss of renal mass, has been greatly enhanced during the past decade from studies in experimental animals (1) (2) (3) (4) (5) (6) . However, the progression to end-stage renal failure is often dissociated from these initiating events; in other words, separate mechanisms apart from the initial glomerular insult must be participating and contributing to the irreversible further decline in glomerular filtration rate. Definition of these factors which contribute to the progression to renal failure is of great importance in the. treatment and eventual prevention of end-stage renal disease (7, 8) . The best studied of these factors consists of a) concomitant systemic hypertension (9-11) and b) adaptive or compensatory factors arising in response to loss of functioning renal mass (7, 8) .
Before discussing the mechanisms whereby the above factors contribute to progressive reductions in glomerular filtration rate, we will review the abnormalities of glomerular hemodynamics which are characteristic both of glomerular immune (or chemical) injury and as a consequence of experimental hypertension alone. Nephron filtration rate could be decreased either because of 1) reductions in nephron plasma flow (SNPF), 2) decreases in the glomerular hydrostatic pressure gradient (L>P), or 3) via major reductions in the glomerular ultrafiltration coefficient (LpA). the product of glomerular capillary membrane hydraulic conductivity and effective glome-The International Journal Of Artificial Organs / Vol. 9 no. 3. 1986/ p.p. 153-158 rular capillary surface area (12) . With regard to the alterations in the determinants of glomerular ultrafiltration after glomerular immune injury, there is remarkably good agreement among several studies. In models of antiglomerular basement membrane antibody-induced nephritis, experimental models of membranous nephropathy and chemically induced glomerulopathy, the major negative factor leading to reductions in nephron filtration rate is a significant reduction in LpA (2) (3) (4) (5) . This finding has been observed both acutely after induction of glomerular immune injury (3, 4) and during the later chronic stages as well (1, 5, 13) . The reasons for LpA reduction differ among the models and stages of glomerular injury and include capillary infiltration with inflammatory cells and alterations in the morphology of the capillary membrane (1) (2) (3) (4) (5) (6) . Another finding common to virtually all models of glomerular immune injury is that the net effect of the reduction in LpA on filtration rate is either partially or completely neutralized by an increase in the glomerular capillary hydrostatic gradient (L>P), usually as a consequence of increased glomerular capillary hydrostatic pressure (P G ) (2) (3) (4) (5) . Glomerular immune injury is then characterized by a major reduction in LpA and an increase in L>P and P G , which at least partially compensates for the decrease in LpA.
Studies have also examined the alterations in glomerular hemodynamics which accompany hypertension. Several groups have reported the determinants of glomerular ultrafiltration in the unclipped kidney exposed to systemic hypertension in the two kidney Goldblatt hypertension model (9) (10) (11) . All of these studies revealed both an increase in P G and L>P and a major reduction in LpA, similar to the finding observed with glomerular immune injury, although the mediation of these events is probably by different mechanisms. Importantly, both models tend to exhibit elevations in P G and L>P as a characteristic of the disease process.
There is evidence that non-immune factors exert considerable impact on the rate of progressive decline in GFR in immune-induced experimental glomerulonephritis in the rat. Alfrey and coworkers have examined a rather severe model of nephrotoxic serum nephritis and demonstrated that they could prevent the major rise in serum creatinine which occurred several weeks after induction of nephritis and markedly reduce the overall animal mortality by administering a phosphate-restricted diet to nephritic rats (14, 15) . The mechanism providing this benefit was not clear, but, in later studies, the authors also achieved protection in nephritic rats by prior thyroparathyroidectomy (15) . However when they supplied normal levels of thyroid hormone replacement to thyroparathyroidectomized rats, the benefit of thyroparathyroidectomy was eliminated and creatinine rose to the same extent as in untreated rats. Elimination of thyroid hormone rather than parathyroid hormone appeared to be responsible for reducing the rate of progression of renal failure by mechanisms which were not immediately obvious. Thyroid hormone exerts multiple biologic effects, however, and it should be recalled that normal thyroid hormone levels are required for renal tissue to undergo compensatory hypertrophy in response to loss of nephron mass, a process which may be involved as renal function diminishes with renal disease. Although these studies by Alfrey and colleagues did not specifically delineate either the mechanism or the changes in glomerular hemodynamics involved, it is clear that factors such as marked phosphate restriction and removal of thyroid hormone significantly ameliorated the rate of progression of an immune-induced experimental renal disease (14, 15) .
More recently, studies have examined the influence of superimposing systemic hypertension upon experimental models of renal disease. Several studies have suggested that concurrent hypertension produces a greater degree of renal dysfunction in experimental renal disease. Specifically, Neugarten and Baldwin have demonstrated that when two kidney one clip hypertension is superimposed upon a form of nephrotoxic serum nephritis, proteinuria was magnified over values in rats with nephritis alone, studied late in the course of the disease (16, 17) . Recent experiments from our laboratory have examined the influence of hypertension, utilizing the two kidney one clip Goldblatt model, upon the course of antiglomerular basement membrane antibody-induced glomerulonephritis over a period of ::::: 12 weeks using micropuncture and clearance techniques (13) . The total GFR in hypertensive, glomerulonephritic rats was significantly reduced below control values, whereas, normotensive nephritic rats exhibited no alteration in GFR compared to control rats. GFR in the unclipped kidney was also significantly reduced in nephritic, hypertensive rats com-154 pared to the non-nephritic, hypertensive clipped rats. This reduction in GFR appeared to be the result of reductions in nephron filtration rate in deeper nephrons below the most superficial nephrons, since nephron filtration rate (measured by micropuncture of the outer cortical glomeruli) was constant among the groups; i.e., in controls, clip hypertensive rats, nephritic rats and clip hypertension plus nephritis rats. Glomerular hemodynamic studies in superficial nephrons revealed again that nephritis was associated with increased 6P and P G and reduced LpA (13) . Superimposition of systemic hypertension upon nephritis resulted in much greater increases in 6P and PG' but this greater value for 6P and PG was not associated with lower values for LpA than observed in nephritis. It seems clear that concomitant hypertension in a model of experimental nephritis causes grater reductions in total glomerular filtration rate but by a process which appears to spare nephron filtration rate in the most superficial nephrons. Histologic changes in hypertensive plus nephritic rats were not more severe than in nephritis alone, but were rather an admixture of the morphologic changes characteristic of hypertension and nephritis respectively. The specific mechanisms which produce this acceleration of glomerular dysfunction have yet to be fully delineated.
The other major factor believed to influence the progression of glomerular injury is the presence of associated nephron hyperfiltration. Hyperfiltration may be defined as a period of chronically elevated single nephron GFR which represents (at least initially) a compensatory response to the initial glomerular insult. Such hyperfiltration states are usually associated with hypertrophy of the residual tissue. With subtotal nephrectomy a compensatory hyperfiltration occurs in the remnant nephrons, and glomerular pathology (as evaluated by histologic techniques) is also evident, to an extent related to the initial amount of kidney tissue removed (8, 18) . Glomerular hemodynamic measurements in remnant nephrons of rats subjected to extensive ablation of renal tissue (5/6 nephrectomy) have revealed that despite falls in LpA, nephron filtration rate is substantially elevated due both to increased glomerular capillary pressure (and thence 6P) and also increased plasma flow rate to the glomerulus. Hyperfiltration and renal hypertrophy are also evident early in the course of diabetic nephropathy (8, 19) . Micropuncture studies in rats with streptozotocin-induced diabetes (where blood glucose concentration is maintained at :::::: 400 mg/dl) have demonstrated that the nephron hyperfiltration was due to increases in glomerular plasma flow rate and L.P, which again more than offset the effect of concomitant reductions in LpA. Superimposition of either unilateral nephrectomy or experimentally-induced hypertension accelerates the progression of diabetic nephropathy, as indexed by glomerular histology (20, 21) . Indeed, as discussed by Brenner, Meyer and Hostetter, superimposition of nephrectomy accelerates the rate of progression of renal disease in a number of different animal models, including lupus and experimentally induced glomerulonephritis (8) .
These observations on hyperfiltration states have led Brenner and co-workers to propose that sustained hyperfiltration is, in and of itself, eventually damaging to the kidney. These workers have further investigated the potentially damaging effects of sustained hyperfiltration, in accelerating the rate of decline of glomerular function in underlying renal disease, by experimentally manipulating the dietary protein intake. It has long been known that man, dog and rat respond to an acutely administered large oral protein load (or amino acid infusion) by an increase in GFR and renal plasma flow rate (8, 22) . Animals with normal kidney function that are chronically maintained on a high dietary protein intake will be reset at a chronically elevated value of GFR (23, 24) . Brenner and colleagues have tested this hypothesis and have shown that high dietary protein intake (40%) worsens both the structural damage and the eventual functional decline in nephron filtration rate in rats with both diabetic nephropathy and 5/6 nephrectomy. In rats on a restricted dietary protein intake (6%), significant amelioration of the underlying disease process was evident. These studies confirm early observations in man and the rat where restriction of dietary protein intake reduces the progression of underlying glomerular diseases of diverse origin (8, 22) .
Brenner and colleagues have formulated the following hypothesis to explain the mechanism by which an alteration in renal hemodynamics leading to hyperfiltration results in eventual structural renal damage and declines in function. They suggest that the hyperfiltration stimulus causes chronic renal vasodilation which automatically leads to sustained in-creases in glomerular plasma flow rate and L.P. These changes in turn cause increased filtration of the plasma proteins and loss of the permselective properties of the glomerular barrier (although not discussed in this article it is well recognized that proteinuria generally accompanies glomerular diseases). Some of the filtered plasma proteins accumulate in mesangial cells leading to mesangial proliferation and eventual glomerular sclerosis. In addition, altered glomerular hemodynamics may directly lead to mesangial proliferation. As functioning nephrons are lost due to glomerular sclerosis, an additional compensatory hyperfiltration stimulus is provided to the surviving glomeruli to a «vicious cycle» causing progressive acceleration of glomerular injury and eventual loss of renal function (7, 8) . Thus, according to this hypothesis, chronic elevations in L.P and glomerular plasma flow rate constitute the primary mediators of hyperfiltration induced renal injury.
The chronic hyperfiltration and hypertrophy which attends unilateral nephrectomy represents a potential long-term risk for the living donors of kidneys for transplantation. Several centers have now published data reporting long-term (greater than 10 years) follow-up of serum creatinine, creatinine clearance, blood pressure and 24 hour protein excretion rates in uninephrectomized transplant donors. Generally, the findings have been unremarkable in that no evidence was found for a long-term deterioration in GFR: i.e., values of serum creatinine at followup were similar to that seen in the age-and sexmatched 2 kidney population (25, 26) . Hakim, Goldszer and Brenner report mild hypertension and proteinuria in male, but not female kidney donors (25) . In the study by Anderson and colleagues the incidence of hypertension and proteinuria in both male and female donors was similar to that in the agematched 2 kidney population (26) . Further, this latter study reports that kidney donors who were hypertensive at followup had significantly higher blood pressures before nephrectomy than donors who were normotensive at followup. Thus, these data indicate that in the absence of underlying renal disease, the hyperfiltration and hypertrophy which follows uninephrectomy in man does not have major long-term damaging effects on the kidney, at least over a 10-20 year period.
Mitch, Walser and colleagues have provided elegant and detailed observations into the progression of glomerular disease in man (27) . Using the reciprocal of serum creatinine as an index of declining glomerular function, Mitch and colleagues have shown that man, unlike the rat, shows a linear, rather than an accelerating pattern of falling GFR in the glomerulopathies. Restriction of dietary protein intake (with either amino or keto acid supplementation) is generally beneficial in man and often leads to complete cessation of the progression of glomerular disease, with residual glomerular function remaining stable for periods of up to 8 years. Mitch and colleagues conclude that while the deleterious effects of high dietary protein intake may relate, in part, to a hemodynamic hyperfiltration stimulus, renal overload of nephrotoxic material and/or high P0 4
and K+ filtration rates may also constitute part of the damaging effects of a high dietary protein intake (27) .
Recently, a number of studies have directly addressed the mechanism(s) by which hyperfiltration states might lead to glomerular damage. Baylis and Rennke employed repetitive pregnancy as a physiologic model of hyperfiltration (28) . Here, gestational and lactational increases in GFR provided a uniform, moderate, and sustained nephron hyperfiltration without any associated underlying disease process or loss of nephron number. Also, previous studies have shown that the gestational rise in GFR is purely dependent on an increase in plasma flow rate and that no sustained increase in glomerular pressure occurs (28) .
After ::::: 5 months of almost continual gestation/ lactation-induced hyperfiltration, micropuncture studies revealed that the determinants of SNGFR were not different in repetitively pregnant compared to age-matched virgin female rats; in fact, SNGFR tended to be slightly higher in repetitively pregnant rats vs virgins. Also, there were no abnormalities in glomerular morphology or any proteinuria in either group. These data indicate that, at least in females, nephron hyperfiltration «per se» (in the absence of underlying disease, loss of nephron number and increased glomerular pressure) is not a damaging stimulus. Recent studies from Brenners' laboratory have reported that with chronic converting enzyme inhibition, the rise in glomerular capillary pressure in diabetic glomerulopathy and 5/6th nephrectomy can be prevented, although a significant hyperfiltration 156 persists (29, 30) . In this setting the eventual decline in renal function and structural damage were largely prevented, suggesting that increased glomerular pressure, rather than hyperfiltration, contributes to the acceleration of glomerular injury.
In a recent study by Blantz and co-workers in the ovariectomized female Munich-Wistar rat given longterm androgen treatment (Decadurabolin TM) a model of renal hypertrophy in the absence of loss of nephron number, has been described (31) . In these animals, 6 weeks of androgen treatment leads to modest renal hypertrophy and proportional increases in SNGFR without alterations in .6.P or LpA. At 16 weeks, however, massive renal hypertrophy was evident while SNGFR was now disproportionately low for the kidney weight due to a low nephron plasma flow rate, a markedly reduced LpA and normal .6.P. Glomerular morphology was normal after 16 weeks of androgen treatment. Thus, in this model, glomerular injury occurs in the form of a reduced LpA following an early hyperfiltration without increased .6.P or reductions in total GFR (31) . Since the studies discussed above in the repetitively pregnant rat indicate that hyperfiltration in the absence of increased .6.P does not lead to a reduced LpA, it seems most likely that the androgen-induced stimulus to renal hypertrophy represents the damaging influence.
Clearly, recent evidence indicates that the progression of most renal diseases to end-stage renal failure is determined by factors which are quite independent of the insults which initiated the renal disease. Certain of these factors have been well defined and include systemic hypertension, especially when associated with glomerular capillary hypertension and adaptive changes which occur in the remaining less involved nephrons. The latter adaptive changes have only been partially defined but include increased glomerular capillary hydrostatic pressure as a hemodynamic compensation to the loss of nephron function. Additional potential contributing factors are increased filtration of toxic materials into the glomerular mesangium and the stimuli to compensatory hypertrophy. The extent to which these factors contribute to progression of renal disease can be modified by factors such as protein intake, restriction of which may slow the process. Full definition of all factors may prove critical to future success in the therapy and prevention of renal disease.
